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Abstract. We report on the construction of four dimensional gauged supergravity
models that can be interpreted as type IIB orientifold compactification in presence
of 3-form fluxes and D3–branes. We mainly address our attention to the symplectic
embedding of the U–duality group of the theory and the consequent choice of the gauge
group, whose four dimensional killing vectors are the remnant of the ten dimensional
fluxes. We briefly discuss the structure of the scalar potential arising from the
gauging and the properties of the killing vectors in order to preserve some amount
of supersymmetry.
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11. Introduction
It has recently been shown that compactification of higher dimensional theories in
presence of p–form fluxes, [1], [2], [3], [4], [5], [6], [7] can give origin to four dimensional
vacua with spontaneously broken supersymmetry and vanishing cosmological constant.
In particular [8], [9], [10], [11] orientifold compactification of type IIB supergravity in
presence of 3–form fluxes leads to gauged four dimensional supergravities endowed with
a positive semidefinite scalar potential. With respect to conventional compactifications,
which typically give rise to models where most of the scalar fields are moduli, the scalar
potential generated by the fluxes has a no–scale structure [12], [13], [14] which can
fix most of the scalars in the vacuum configuration where the supersymmetry can be
partially or completely broken[15]–[21].
It is interesting to understand which low energy models correspond to such
compactifications. In fact, the construction of the theory in four dimensions allows
to describe also the fermionic degrees of freedom, whose derivation is quite difficult
compactifying from higher dimensions, therefore it is possible to describe the Higgs and
super–Higgs phases in the low energy supergravity theory.
The main disclaimer between all the possible four dimensional models, is the way the U–
duality group is embedded in the symplectic group. In the case of Type IIB superstring
compactified on a T6/Z2 orientifold the relevant embedding of the supergravity fields
corresponds to the subgroup SO(6, 6)× SL(2,R) ⊂ Sp(24,R) which acts linearly on the
gauge potentials, six each coming from the NS and the RR 2–forms BµΛ, CµΛ Λ = 1 . . . 6.
It is obvious that GL(6,R) ⊂ SO(6, 6), which comes from the moduli space of T 6, does
not mix the vectors coming from the RR sector with the ones coming from the NS sector,
while SL(2,R) which comes from the Type IIB SL(2,R) symmetry in ten dimensions
exchanges RR and NS vectors.
This means that the twelve vectors are not in the fundamental 12 of SO(6, 6) but
rather a (6+, 2) of GL(6,R) × SL(2,R) where the ” + ” refers to the O(1, 1) weight
of GL(6,R) = O(1, 1) × SL(6,R). Their magnetic dual are instead in the (6−, 2)
representation. Note that instead in the heterotic string, the twelve vectors gµΛ, BµΛ
are in the (6++, 6
+
−) and their magnetic dual in the (6
−
+, 6
−
−) representation, where the
lower plus or minus refer to the R of GL(6,R) and the upper plus or minus refer to the
R of SL(2,R).
A different choice of the symplectic embedding can lead to new gauged supergravities
because inequivalent embeddings can assign the field strengths to be electric or magnetic
in a different way. In fact, it was shown in a recent investigation [22] [23], extending
previous analysis [19], [24], that in order to study new forms of N–extended gauged
supergravities, one can look for inequivalent maximal lower triangular subgroups of
the full U–duality algebra inside the symplectic algebra of electric–magnetic duality
transformations.
The paper, which is based on the results of [25], [26], [27] is organized as follows:
In Section 2 we describe some general aspects of the symplectic embedding and discuss
2the properties of the relevant one for the T 6/Z2 orientifold.
In Section 3 we illustrate the main properties of the gauged theory.
In section 4 we show some aspects of the supersymmetry breaking.
2. The symplectic embedding and duality rotations
Let us now briefly recall the meaning and the relevance of the symplectic embedding of
the U–duality group SL(2,R) × SO(6, 6 + n), focusing our attention just on the bulk
part SL(2,R)× SO(6, 6) [28].
The twelve field strengths associated to the six vectors in the gravitational multiplet and
the ones of the six vector multiplets in the bulk sector, come from the ten dimensional
R-R and NS two forms, where an index takes values on the space-time µ = 0, 1, 2, 3 and
the other on the internal manifold Λ = 1, . . . 6: {CMN , BMN} −→ {A1µΛ, A
2
µΛ}
We recall that Λ is a GL(6,R) index, since this latter is the structural group of the torus,
and that {CMN , BMN} form an SL(2,R) doublet and so must do {A1µΛ, A
2
µΛ}. Thus we
arrange the fields of the gravitational and vector multiplets as AΛαµ, where α = 1, 2 is
the SL(2,R) index, and define the electric field strengths as FΛµνα ≡ ∂[µA
Λ
ν]α. The kinetic
terms of the scalars and of the vector fields of the supersymmetric ungauged Lagrangian
have the following form:
L = −2iNΛαΣβF
+Λα
µν F
+Σβµν + c.c. + gab∂µℓ
a∂µℓb +
1
2
Grr′∂µs
r∂µsr
′
(2.1)
Here F±Λαµν refer to the imaginary (anti) self–dual part of the vector field strength
F±Λαµν ≡
1
2
(FΛαµν ± i
∗FΛαµν );
∗FΛαµν ≡
1
2
ǫµνρσF
ρσΛα (2.2)
The scalars parametrize the σ–model SL(2,R)
SO(2)
⊗ SO(6,6)
SO(6)×SO(6)
and the matrices gab and Grr′
are the invariant metrics on the two factors of the coset and ℓa, sr the scalar fields
corresponding to the coset coordinates.
The kinetic matrix
NΛαΣβ = (θΛαΣβ − igΛαΣβ) (2.3)
depends on the scalars and generalizes the coupling constant and the θ–angle.
The definition of the magnetic field strengths is
G±µνΛα ≡ ±
i
2
·
δL
δF±Λαµν
; G+µνΛα = NΛαΣβF
+Σβµν ; G−µνΛα = NΛαΣβF
−Σβµν(2.4)
A transformation of SL(2,R)×SO(6, 6), ℓa −→ ℓa ′, sr −→ sr ′ is obviously an invariance
of the scalar kinetic terms, since
g(ℓ, ℓ) = g(ℓ′ ℓ′); G(s, s) = G(s′, s′) (2.5)
are the invariant measures on the two factors of the coset space.
The electric–magnetic field strengths carry a couple of indices (Λ, α) of GL(6,R) ×
SL(2,R) ⊂ SL(2,R)× SO(6, 6), thus they transform linearly(
F±µνΛα
G±µνΛα
)′
=
(
AΛαΣβ B
ΛαΣβ
CΛαΣβ D
Σβ
Λα
)(
F±µνΣβ
G±µνΣβ
)
(2.6)
3In order to preserve the definition of the magnetic field strengths (2.4), the kinetic
matrix must transforms as
N ′ΛαΣβ(L
′α, s′r) = (CΛα∆δ +D
Γγ
Λα NΓγ∆δ)(A
∆δ
Σβ +B
∆δΠpiNΠpiΣβ)
−1 (2.7)
The transformation matrix must be symplectic as a consistency condition.
Q ≡
(
A B
C D
)
∈ SO(6, 6)× SL(2,R) →֒ Sp(24,R) (2.8)
In fact NΛαΣβ is a complex symmetric matrix, and so must be N ′ΛαΣβ, thus the
fractional linear transformation (2.7) must preserve complex symmetric matrices and
this correspond to the request that Q is a symplectic matrix.
A U -duality transformation is not a symmetry of the classical action for generic
A, B, C, D. The scalar terms (2.1) are in any case invariant by construction, while
the vector term (2.1) is not invariant, unless we set B = 0. These transformations
correspond to the electric subgroup which transforms electric field strengths into electric
field strengths, as one can see from equation (2.6) setting B = 0.
For the ungauged theory, where the AΛαµν appear in the bosonic Lagrangian only in their
kinetic terms and no sources are present, the Bianchi identities and the equations of
motion are clearly invariant under U–duality transformations, which therefore acts as a
generalized electric–magnetic duality.
The action of the U–duality group on the electric–magnetic field strength depends on the
way SO(6, 6)× SL(2,R) is embedded into Sp(24,R); given one choice of the embedding
it is possible to obtain an inequivalent one conjugating the matrix Q with an element
O
O ∈ Sp(24,R) /∈ SO(6, 6)× SL(2,R); Q′ = OQO−1 (2.9)
This corresponds to a change of basis by means of the matrix O in the space of the
electric–magnetic field strengths on which Q acts, that is a different assignment of the
role of electric or magnetic field strengths.
Since the U–duality is not a symmetry of the action, the choice of an inequivalent
embedding (2.9) leads to a different Lagrangian, but describes the same non perturbative
theory, since we have the same equations of motion up to an U–duality transformation.
The electric subgroup of the U–duality group is instead a global invariance of the action
and a suitable subgroup can be promoted to a local invariance performing the gauging.
Once the gauging is performed the U–duality group is broken also at the level of the
non perturbative theory, since the gauging fixes a certain number of field strengths to be
electric and give rise to a source term for the electric field strengths, then the equations
of motion and the Bianchi identities are no more invariant under exchange of electric
and magnetic field strengths.
As a consequence inequivalent embeddings (2.9) certainly correspond to inequivalent
gauged theories, since they interchange the role of electric and magnetic field strengths,
thus correspond to different choices of the electric subgroup.
It is well known that the standard embedding [29], [30] (corresponding to Heterotic T 6
4compactification) of the isometry algebra sl(2,R) + so(6, 6) inside sp(24,R), so(6, 6) is
diagonal, while sl(2,R) acts as an electric magnetic duality. One can easily see that this
can not be the case for the compactification of the IIB theory on the T 6/Z2 orientifold.
In fact, from the definition of the electric field strengths FµνΛα ≡ ∂[µAν]Λα we see that
the SL(2,R) factor of the U–duality group is totally electric. From the definition of the
magnetic field strengths (2.4) it is also clear that SL(2,R) transforms magnetic field
strengths into magnetic field strengths, thus it must be not just electric but 12 × 12
block diagonal.
Furthermore the Λ index on the torus transform under GL(6,R), that means that
GL(6,R) ⊂ SO(6, 6) must be 6 × 6 block diagonal inside the Sp(24,R) matrix, since it
does not mix electric and magnetic field strengths of the R–R and NS sector.
All these considerations suggest to decompose the SO(6, 6) generators as follows:
so(6, 6) = sl(6,R)0 + so(1, 1)0 + (15′, 1)+2 + (15, 1)−2 (2.10)
where the superscripts refer to the SO(1, 1) grading.
The final result is obtained by first embedding the sl(2,R) generators and the so(6, 6)
generators, according to the splitting (2.10) into sp(24,R) in the usual way, then
performing a symplectic conjugation (2.9) in order to lead the symplectic matrix in
the required form. The result is the following:

δF+µνΛ1
δF+µνΛ2
δG+µνΛ1
δG+µνΛ2

 =


A+ 1 0 0 −t
0 −AT − 1 −t 0
0 −t′ −AT − 1 0
−t′ 0 0 A+ 1




F+µνΛ1
F+µνΛ2
G+µνΛ1
G+µνΛ2

 (2.11)


δF+µνΛ1
δF+µνΛ2
δG+µνΛ1
δG+µνΛ2

 =


−sT 0
0 s




F+µνΛ1
F+µνΛ2
G+µνΛ1
G+µνΛ2

 (2.12)
where A are the gl(6,R) generators and t′, t the generators of the tranlations (15′, 1)+2,
(15, 1)−2 respectively.
The electric subalgebra is constituted by the lower triangular matrices, that is
sl(2,R) + gl(6,R) + t′+215 (2.13)
When n vector multiplets are added, we have to include the (6,n)±1 generators;
nevertheless the generalization is trivial since the matter electric and magnetic field
strengths transform under so(1, 1) as in the standard case and so(n) ⊂ so(6, 6 + n) is
totally electric, so that the electric subalgebra of sl(2,R) + so(6, 6 + n) is
sl(2,R) + gl(6,R) + t′
+2
15 + so(n) (2.14)
The important fact is that the conjugation matrix O one has to use does not preserve
the structure of a symplectic matrix in the electric subgroup, i.e. with B = 0; that
means that the gaugings one can obtain from the theories described by the two different
embeddings are different.
53. The gauging of the theory
In order to understand which is the correct gauging to perform to retrieve the four
dimensional theory obtained via compactification, let us consider the definition of the
IIB five form F˜(5). Retaining just the components that survive the orientifold projection
[10] we can derive the following expression
F˜µΛΣΓ∆ ≡ ∂µCΛΣΓ∆ −
1
2
CµΛHΣ∆Γ +
1
2
BµΛFΣΓ∆ (3.15)
For constant fluxes
HΛΣΓ =
α′
2π
hΛΣΓ, FΛΣΓ =
α′
2π
fΛΣΓ, hΛΣΓ, fΛΣΓ ∈ Z (3.16)
satisfying the selfduality condition [9]
∗6 h
ΛΣ∆ = −fΛΣ∆; ∗6f
ΛΣ∆ = hΛΣ∆ (3.17)
equation (3.15) becomes the definition of the covariant derivative for the scalar fields
CΛΣΓ∆, identifying F˜µΛΣΓ∆ ≡ ∇µCΛΣΓ∆, or, more conveniently, defining the 15 scalars
of the four dimensional theory as the dual of the CΛΣΓ∆
BΛΣ ≡ ∗6C∆ΓΠΩ (3.18)
equation (3.15) becomes
∇µB
ΛΣ = ∂µB
ΛΣ +
α′
16π
fΛΣΓCµΓ +
α′
16π
hΛΣΓBµΓ (3.19)
It is clear that equation (3.19) can be interpreted as the covariant derivative of BΛΣ
where the spin one fields CµΓ, BµΓ gauge some suitable group for which the constant
fluxes have the interpretation of killing vectors.
In order to make contact with the theory we constructed in references [25], [26], [27] let
us define:
A1µΓ≡BµΓ, A
2
µΓ≡CµΓ, f
ΛΣΓ
1 ≡ −
α′
16π
hΛΣΓ; fΛΣΓ2 ≡ −
α′
16π
fΛΣΓ (3.20)
Since the IIB theory has an SL(2,R) duality and the RR and NS two–form constitute an
SL(2,R) doublet, it follows that both the four dimensional gauge fields {A1µΓ, A
2
µΓ} and
the fluxes {fΛΣΓ1 , f
ΛΣΓ
2 } are SL(2,R) doublets, therefore we can introduce an SL(2,R)
index α = 1, 2 and write AαµΓ and f
ΛΣΓ
α . We also define, using the SL(2,R) invariant
Ricci tensor ǫαβ
AµΓα ≡ ǫαβA
β
µΓ, f
ΛΣΓ
α ≡ ǫαβf
ΛΣΓβ (3.21)
According to the previous definitions, the covariant derivative of BΛΣ (3.19) takes the
form
∇µB
ΛΣ = ∂µB
ΛΣ + fΛΣΓαAµΓα (3.22)
In order to understand which is the gauge group for the four dimensional theory, one
can consider the residual gauge symmetry
AµΓα −→ AµΓα + ∂µηΓα (3.23)
BΛΣ −→ BΛΣ + kΛΣ; kΛΣ ≡ fΛΣΓαηΓα (3.24)
6from which it is clear that the fields BΛΣ parametrize translational isometries on
the four dimensional σ–model and therefore equation (3.22) describes the covariant
derivative with respect to a translational group which corresponds to the t′+215 part of
the decompositions (2.13), (2.14).
According to the decomposition (2.14), when D3–branes degrees of freedom are
introduced, we can also gauge a suitable group G ⊂ SO(n), beside 12 out of the 15
translations t′+215 .
The gauging of the theory modifies the structure of the Lagrangian and of the
supersymmetry transformation laws of the fermions. The latter acquire extra terms,
whose properties strongly depend on the choice of the gauging, in the present case they
have the following structure
δψAµ = −
i
48
G−ABγµǫ
B; δχA = −
1
48
G+ABǫB (3.25)
δλA(4) =
1
8
G−ABǫB; δλ
I (20)
A =
1
48
G
−
AC(Γ
I)BCǫB (3.26)
δλiA = W
B
iA ǫB (3.27)
In equations (3.25), (3.26) the 24 dimensional representation of SU(4)(d) ⊂ SU(4)1 ×
SU(4)2 to which the bulk gaugini λ
I
A belong has been decomposed into its irreducible
parts, namely 24 = 20+ 4. Setting:
λIA =λ
I (20)
A −
1
6
(ΓI)ABλ
B(4); λA(4) =(ΓI)
ABλIB; (ΓI)
ABλ
I (20)
B = 0(3.28)
The matrices appearing in equations (3.25), (3.26) are defined as follows
G−AB = (F
IJK−
+ C
IJK−
)(ΓIJK)AB; G
−
AB = G
AB+
GAB+ = (F
IJK+
+ C
IJK+
)(ΓIJK)
AB; GAB+ = G
−
AB (3.29)
The quantities CIJK±, F IJK±,W BiA that depend on the scalars and on the killing vectors
of the gauge group are defined in reference [27].
The gauging modifies also the Lagrangian, in particular gives rise to a scalar potential,
that on general ground is a linear combination of the traced moduli square of the SU(4)
matrices appearing in the fermion shifts (3.25), (3.27), where all the coefficients are
positive but the one of the gravitino contribution. Note that the gravitino shift matrix
and the 4 gaugino shift matrix have the same structure G−AB, while the shift matrix
of the dilatino is the complex conjugate of the 20 gaugino one. It turns out that the
contribution to the potential of the gravitino and the 4 gaugino cancel against each
other, therefore the potential is positive semidefinite and depends just on the moduli
square of the shift matrix of the dilatino and the 20 gaugino, plus the contribution of
the D3–brane sector gaugini:
V =
1
(12)2
|G+AB|2 +WiB
AW iBA (3.30)
If we consider just the bulk sector, where the matter gaugini λiA are absent and
CIJK± = W BiA = 0, the matrices G
±
AB are the four dimensional remnant of the ten
7dimensional flux G of references [31], [9] and the potential reduces to
V =
1
(12)2
|G+AB|2 (3.31)
which vanishes for imaginary antiselfdual fluxes G+AB = 0 according to reference
[10]. (Note that we define [25], [26], [27] the imaginary (anti)selfdual projections as
F± = ∓i ∗ F± and we call “imaginary self dual” the projection F+, while in reference
[10] the opposite convention is used).
4. The supersymmetry breaking
The minimum of the potential is reached when G+AB = W BiA = 0; the condition
that sets W BiA = 0 also implies that C
IJK± = 0 and then the remaining condition is
F
IJK+
= 0 or its complex conjugate F IJK− = 0. The condition W BiA = 0 sets to zero all
the D3–brane sector scalars except the ones transforming in the Cartan subalgebra of
the gauge group G; note that this implies that the contribution of the D3–brane sector
to the supersymmetry transformation laws in the vacuum is identically vanishing and
therefore just the translational gauging is responsible of the supersymmetry breaking
that involves only the bulk sector degrees of freedom. The condition F IJK− = 0 is
satisfied for a fixed value of the complex dilaton, say Φ = i, and when the fluxes satisfy
the selfduality condition
fΛΣΓ1 = ∗f
ΛΣΓ
2 (4.32)
that explicitly reads as
fΛΣΓ1 =
1
3!
detg−
1
2 ǫΛΣΓ∆ΠΩg∆∆′gΠΠ′gΩΩ′f
∆′Π′Ω′
2 (4.33)
where gΛΣ ≡ EΛI E
Σ
J η
IJ is the (inverse) moduli metric of T 6 and the vielbein EΛI
intertwines between the GL(6,R) indices Λ, Σ, Γ and the SO(6) indices I, J, K.
Note that, beside the trivial case where all the fluxes are set to zero, even if F IJK− = 0
we can not set also F IJK+ = 0, therefore the presence of fluxes breaks supersymetry
as one can see from equations (3.25)–(3.26). In order to discuss the supersymmetry
breaking is useful to introduce a complex basis starting from the basis vectors {eΛ},
(Λ = 1 . . . 6) of the fundamental representation of GL(6,R) and defining a complex
basis {Ei, Ei} with i = x, y, z in the following way:
e1 + ie4 = Ex; e2 + ie5 = Ey; e3 + ie6 = Ez (4.34)
e1 − ie4 = Ex; e2 − ie5 = Ey; e3 − ie6 = Ez (4.35)
We are now able to analyze the condition on the metric moduli coming from equation
(4.33). Going to the complex basis and lowering the indices on both sides, one obtains
an equation relating a (p, q) form on the l.h.s (p, q = 0, 1, 2, 3; p+q = 3) to a combination
of (p′, q′) forms on the r.h.s. Requiring that all the terms with p′ 6= p, q′ 6= q are zero
and that the r.h.s. of equation (4.33) be a constant, on is led to fix different subsets of
8the gΛΣ moduli, depending on the number of translational symmetries that is gauged.
Furthermore the diagonalized gravitino shift matrix is given by
G+AB = −iL
2 [
f−xyz1 Γxyz + f
−xyz
1 Γxyz + f
−xyz
1 Γxyz + f
−xyz
1 Γxyz
]
AB
(4.36)
where one can see that only the (0, 3) and primitive (2, 1) components of the fluxes
appear. The shift matrix (4.36) is proportional to the gravitino mass matrix, therefore
from its eigenvalues one can read the gravitino masses
m1 ≡ |µ1 + iµ
′
1| =
1
6|L2|
|f−xyz1 |; m2 ≡ |µ2 + iµ
′
2| =
1
6|L2|
|f−xyz1 |(4.37)
m3 ≡ |µ3 + iµ
′
3| =
1
6|L2|
|f−xyz1 |; m4 ≡ |µ4 + iµ
′
4| =
1
6|L2|
|f−xyz1 |(4.38)
Since the fluxes are independent we can set an arbitrary number of masses equal to
zero and show [26], [25], [27] that it is possible to realize the supersymmetry breaking to
N = 3, 2, 1, 0. If we do not want to break supersymmetry completely we must set at least
one gravitino mass to zero. Note that it is irrelevant which mass we set to zero because it
just depends on the choice of the complex structure on the torus; one natural choice could
be to set m4 = 0, retrieving the results of [31], that is that the fluxes must be primitive
and of type (2, 1) in order to preserve some amount of supersymmetry. Nevertheless
with a change of complex structure, for instance (Ex, Ey, Ez) → (Ex, Ey, Ez) the
corresponding choice would be m2 = 0.
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